Nonstandard abbreviations used: CYP24, 25-hydroxyvitamin D-24-hydroxylase; PXR, pregnane X receptor; RXR, retinoic acid X receptor; VDR, vitamin D receptor; VDRE, vitamin D-responsive element.
Historical perspective
In 1967 Schmid (1) reported an association between osteomalacia and antiepileptic drug therapy. This was confirmed by Dent et al. (2), who noted that osteomalacia and rickets were common in patients on longterm antiepileptic drug therapy, especially those who had been institutionalized and treated with multiple drugs to control their seizure disorder. Since these initial observations were made, there have been a multitude of reports of abnormalities in calcium, vitamin D, and bone metabolism in subjects chronically treated not only with antiepileptic drugs but also with glucocorticoids, rifampin, and antiretroviral drugs (3-6). The disturbances observed in antiepileptic drug-treated patients were noted to be very similar to those of patients with vitamin D deficiency. More than 50% of children and adults receiving chronic antiepileptic drug therapy are at risk for developing abnormalities in calcium, vitamin D, and bone metabolism (3). However, cardiac patients who had been treated with conventional doses of phenytoin for control of arrhythmias were found to be free of these abnormalities (7 (8) . There is an associated decrease in intestinal calcium absorption, a reduction in urinary calcium excretion, and an increase in bone turnover, as evidenced by increases in osteocalcin, bone-specific alkaline phosphatase, procollagen type 1 C-terminal extension peptide, and bone resorption markers including human collagen type 1 C-terminal peptide and total free deoxypyridinoline. The bone condition most often associated with chronic antiepileptic drug treatment is reduced bone mineral density and cortical bone loss. Rickets and, according to histologic evidence, osteomalacia indicating a defect in bone mineralization are also accompanying problems (3). Although 25(OH)D is the major circulating form of vitamin D, it must be converted in the kidney to 1,25(OH) 2 D before it is functional in target tissues, including intestine, bone, and kidney (8, 11) (Figure 1 ). 1,25(OH) 2 D interacts with its specific VDR, which then forms a heterodimeric complex with retinoic acid X receptor (RXR). This complex binds to specific VDREs to induce gene expression for its various physiologic functions on calcium and bone metabolism. Once it has accomplished its anabolic function(s), 1,25(OH) 2 D induces its own destruction through the VDR-RXR nuclear mechanism by enhancing the expression of CYP24. The hydroxylation of 1,25(OH) 2 D on carbon 24 initiates a cascade of hydroxylation and oxidation events leading to the formation of the water-soluble and biologically inactive calcitroic acid (10, 11).
Mechanism for drug-induced disorders of bone metabolism
Pascussi et al. (9) also recognized that the ligand-binding domains of the VDR and PXR share 37% identity and that lithocholic acid and derivatives are activators for both VDR and PXR. Furthermore, PXR has a heterodimeric partner, RXRα, similar to VDR. Thus, the authors speculated that functional nuclear receptor cross-talk might cause PXR activators to interfere with VDR-controlled CYP24.
Pascussi et al. (9) conducted a series of elegant in vitro and in vivo studies that provide convincing evidence that a drug that can activate PXR is likely to enhance CYP24 expression and the catabolism of 25(OH)D, leading to vitamin D deficiency. These include a wide variety of pharmaceutical agents, including antiepileptic drugs, taxol, rifampin, and human immunodeficiency virus protease inhibitors such as ritonavir and saquinavir, as well as the herbal antidepressant St. John's wort.
Figure 1
A schematic illustrating how xenobiotics and drugs that activate PXR can disrupt vitamin D metabolism and vitamin D function. The kidney is responsible for converting 25(OH)D to 1,25(OH)2D. Once formed, 1,25(OH)2D enters the blood and travels to its calcium-regulating target tissues, where it interacts with its specific nuclear VDR. This complex binds RXR, and the resulting heterodimeric complex binds to specific VDREs in the DNA, leading to regulation of gene expression responsible for calcium and bone metabolism. 25(OH)D can also be metabolized in a wide variety of tissues, including colon, prostate, breast, and skin, where it acts either as an autocrine or paracrine hormone to regulate cell growth and carry out other physiologic functions. Xenobiotics and drugs that activate PXR bind RXR. This heterodimeric complex is recognized by the VDRE of CYP24, which is responsible for the destruction of 1,25(OH)2D into a water-soluble, inactive metabolite. The activated PXR-RXR complex may also be able to alter other VDREs that have wide-ranging biologic functions in cell growth and maturation, immunomodulation, renin and insulin production, and osteoblast function. Understanding of the consequences of this potential interaction and alteration of VDRE gene expression on noncalcemic functions of vitamin D requires further investigation.
PXR: cross-talk causes vitamin D deficiency
This orphan actor (PXR) is responsible for the regulation of enzymes and transporters that help the body rid itself of potential toxic and offensive chemicals. Man-made drugs, which appear as foreign substances, are an ideal target for PXR. The fact that once activated, the PXR-RXR complex can substitute for activated VDR-RXR explains why drugs from diverse families can have effects on calcium, vitamin D, and bone metabolism. The cross-talk between PXR and VDR has important implications for bone health. It is likely that other families of drugs also are activators of PXR and may play a role in enhancing vitamin D catabolism.
It is now recognized that most of the population in the United States is at risk of vitamin D deficiency (8, 12, 13) . Knowledge of the fact that xenobiotics and drugs can enhance the destruction of 25(OH)D and 1,25(OH) 2 D should heighten physicians' awareness that patients on almost any medication or herbal supplement could potentially become vitamin D deficient because of the pleiotropic effect of PXR activation. The good news is that vitamin D deficiency is both easy to monitor and equally easy to treat. A regimen of 50,000 IU of vitamin D 2 once a week for 8 weeks, followed by 50,000 IU of vitamin D 2 twice a month is often adequate (13) . Patients should maintain 25(OH)D at a level of at least 30-50 ng/ml to overcome the destructive effect of PXR on vitamin D catabolism.
This observation has far-reaching ramifications for vitamin D beyond bone metabolism. It will be interesting to see whether the PXR-VDR cross-talk affects other VDR-responsive genes. It is now recognized that 1,25(OH) 2 D, through its interaction with VDR, has a wide variety of biologic effects that not only control calcium metabolism but are also important for osteoblast function, regulating the immune system as well as renin and insulin production (16, 17) and controlling the expression of genes that modulate cell growth, including those responsible for apoptosis, cell cycle arrest, and differentiation (8, 15) . Thus, it is reasonable to speculate that xenobiotics and drugs causing vitamin D deficiency can increase risk of type 1 diabetes, multiple sclerosis, rheumatoid arthritis, hypertension, cardiovascular heart disease, and common cancers (8, 14-18) -diseases that have been linked to vitamin D deficiency (8) .
It is also likely that xenobiotics and drugs interact with the PXR system in a selective manner, resulting in organ-specific alterations of genes that are regulated by 1,25(OH) 2 D. For example, glucocorticoids are known to cause bone demineralization. There have been a variety of mechanisms proposed, including alterations in intestinal calcium absorption and osteoblast bone formation, two functions that are regulated by 1,25(OH) 2 D. It is possible that when PXR is activated by prednisone, it could cause a conformational change different from that occurring when PXR binds an antiepileptic drug, resulting in a different interaction with the VDR-responsive genes in osteoblasts. It is also possible that some xenobiotics, through this PXR-VDR crosstalk mechanism described by Pascussi et al. (9) , could cause local tissue vitamin D deficiency by selectively upregulating CYP24. It is conceivable that a drug targeted to the prostate might not only have the desired effect on prostate cell growth, but also could induce the PXR transactivation of CYP24 to locally decrease cellular levels of 1,25(OH) 2 D. This has interesting implications now the prostate, colon, and breast all are believed to have the enzymatic machinery (CYP27B2) to increase the local production of 1,25(OH) 2 D. Once produced, 1,25(OH) 2 D locally helps regulate cell growth by interaction with VDR through transactivation of a variety of genes that regulate cell growth and differentiation. Local tissue induction of CYP24 by activated PXR could negate this effect by rapidly destroying any 1,25(OH) 2 D that is made. This was demonstrated in a prostate cancer line -DU145 -that had marked increase in CYP24 activity (19, 20) . Unlike other prostate cancer cell lines (PC3 and LNCaP), these cells do not respond well to the antiproliferative effect of 25(OH)D, because the markedly enhanced CYP24 expression rapidly destroys any 1,25(OH) 2 D that is produced in the cells.
The message is simple. It is likely that the drugs described by the authors are not the only ones that affect the PXR-VDR crosstalk and that further scrutiny will reveal that several other families of drugs and xenobiotics can have a similar effect. Thus, the vitamin D status of patients on almost any type of medication should be monitored.
